Abstract Told cross sections for methanol, methylamine and ethane molecules were measured in a linear electron-mansmission experiment for impact energies from nearly I eV up to 250 eV. Results show that for those largets and CHsF. isoelectronic with them, between impact energies close to the crass section maximum and the highest energies applied. the total cross section increases with stabc electric dipole polarizability of the molecule.
Introduction
Relations between electron-scattering cross sections and physico-chemical parameters of target molecules have been searched for since the earliest systematic measurements of these cross sections (e.g. Briiche 1929 ). When found, such correlations may indicate the role of some microscopic target properties in the scattering process, while the semiempirical formulae describing these correlations should help to estimate total cross sections of targets that are still lacking in experimental data or calculations. To find such correlations an analysis of cross sections is needed for a group of targets of selected properties-if possible, of data taken on the same experimental setup.
Electron-scattering absolute grand-total cross sections at intermediate impact energies have recently been measured for families of targets to see how the cross sections vary from target to target. Floeder et a [ (1985) measured total cross sections for electron and positron scattering for a series of simple hydrocarbons and noticed that, for impact energies between 100 and 400 eV, the magnitude of total cross section for these targets is linearly correlated with the number of molecular electrons. Nishimura and Tawara (1991) established a connection between the magnitude of total cross section and the geometrical size of the target for a group of simple hydrocarbons, at intermediate energies. A strong correlation of total cross section with static electric dipole polarizability of the target was noted by Szmytkowski (1989) for a group of various atoms and molecules, in the energy range from 50 to 400 eV.
Recent calculations of Jain and Baluja (1992), performed for a large variety of molecules, have confirmed the correlation between the total cross section and the number of molecular electrons, but failed to confirm the target polarizability correlation.
It is a common and well-known feature of all the measured electron-scattering total cross sections that they decrease with increasing energy at intermediate and high electron impact energies. There is no agreement, however, about the character of this dependence (cf Floeder et a1 1985 , Szmytkowski 1989 , Nishimura and Sakae 1990 , Nishimura and Tawara 1991 , Karwasz etnl 1993 , Zecca et al 1992% b, c, 1995 . The purpose of the reported work is the further investigation of how changes in some target parameters are reflected in the magnitude and energetic dependence of the electron impact total cross section. A set of molecules incorporating the methyl group (CH3F, CHIOH, CH3NH2 and Cz&) has been selected for the study, for which some correlations have already been investigated by Schmieder (1930) . These molecules have the same number of molecular electrons, but vary in their permanent dipole moments and electric dipole polarizabilities. For the latter three targets, absolute total cross sections were measured for a wide range of impact energy. As far as we know, these are the first published electron-scattering absolute total cross sections for the methanol and methylamine molecules above 50 eV.
Experimental

I . Experimental procedrcre
The absolute total cross sections were determined by the linear transmission method. It is based on measurements of the attenuation of intensity of the projectile-particle beam transmitted through the target volume. The absolute total cross section Q ( E ) for a given impact energy E may be, to the first approximation, derived from the Bouguer-de BeerLambert law where quantities measured directly in the present experiment are: projectile beam intensities at energy E in the presence, l p ( E ) , and absence, lo(E), of the target in the scattering cell, and the length of the scattering volume, L . Density number n was determined from the ideal gas formula
where p is pressure of the target as measured with a baratron and k is the Boltzmann constant. Expression (2) allows for the thermal transpiration effect (Knudsen 1910 ) due to a difference in temperature-usually of several degrees-between the collision chamber, c, and the manometer head, T, = 322 K.
The apparatus and experimental procedure used in the present measurements have already been intensively employed for the determination of absolute total cross sections in our laboratory. A more detailed description of the applied experimental system and the data-taking procedure can be found elsewhere (e.g. Krzysztofowicz and Szmytkowski 1995) and we give only a brief description here.
The sample in the scattering cell was irradiated with a quasimonoenergetic electron beam ( I zx IO PA, fwhm z 70 meV) from an electron gun coupled to an electrostatic cylinder deflector and a system of electron lenses. Those electrons which passed the exit orifice of the chamber were discriminated with a retarding element and detected by a Faraday cup with geometrical angular acceptance of 0.7 msr. No magnetic steering of electron beam was used in the spectrometer.
A gas handling system directs the target vapour or gas to the scattering chamber or, alternatively, into the background to ensure that conditions in the region of electron optics are stable throughout the experiment. The pressure range of the target in the scattering cell was chosen between 80 and 300 mPa, so that multiple scattering can be ignored.
An absolute energy scale for impinging electrons was established to within k 60 meV with respect to the oscillatory resonant structure visible around 2 eV in the transmission current in nitrogen. The measurements were carried out for a given energy in a series of runs. Within the limits of statistical uncertainties, results obtained in different series were independent of applied sample pressures and the electron beam controlling parameters. An averaging procedure with weights depending on the statistical uncertainty was applied to derive the final total cross section at a particular energy.
Methanol vapour was obtained from 99.8% pure liquid (Reanal) degassed each time using several freeze-pump-thaw cycles. The purities of methylamine (MerckSchuchardt) and ethane (Matheson Gas Products) were 99.2% and 99.99% respectively. These gases were used without any further purification.
Error estimation
Statistical uncertainties based on reproducibility (one standard deviation of the weighted mean values) are about 2% below 1 eV and never exceed 1.5% at higher energies.
Systematic errors in the absolute values of total cross sections originate mainly from the following:
(i) the inability to correctly determine the length of the interaction region in a target of usually inhomogeneous density is lower than 0.5% (see Nelson and Colgate 1973) ;
(ii) the imperfect discrimination of electrons scattered elastically and those scattered inelastically with small energy losses into small forward angles; it would lower the measured total cross section, compared with the actual value, by 1% at low energies and by 3% at the highest energies applied (the data were not corrected for this effect); and (iii) the uncertainty of electron energy; at the lowest impact energies, where the cross section is a steep function of energy, possible drift in energy by 50 meV may cause a change in cross section of nearly 2%. The sum of other possible systematic errors has been estimated to be less than 3%.
Results
In the reponed experiment, absolute electron-scattering total cross sections for methanol, methylamine and ethane molecules have been measured with the same apparatus for energies ranging from a little less than 1 eV up to 250 eV. All obtained data are shown in numerical form in table 1.
CHjOH
Our electron-methanol molecule absolute total cross section versus impact energy (0.8-250 eV) is plotted in figure 1 and compared with the early absolute results of Schmieder (1930) and the more recent normalized data of Sueoka et a1 (1985) . Three distinct regions can be discerned in the obtained cross section's energy dependence.
In the first region of the lowest applied energies, the cross section rapidly decreases with increasing impact energy-from 29 x lo-" mz at 0.8 eV to 20 x mz at around 2 eV. Such behaviour is characteristic of polar particles ( f i c~~~~ = 1.7 D, Lide 1993-94) and related to direct scattering processes dominant at low impact energies (Itikawa 1978 , Shimamura 1984 Beyond 3 eV, the cross section increases and assumes the form of a very wide maximum with no apparent structure, centred near9 eV. Similar maxima, of varying distinctness, occur in this energy range for most of the targets hitherto examined. Satisfactory explanation of their origin would demand a detailed experimental andor theoretical study of possible processes at work in each particular case. However, due to a vast number of open channels in this energy range it proves to be a most demanding task even for the simplest molecules. For most of the molecules, including CH3OH. such data are still highly insufficient in quantity. Trepka and Neuert (1963) and more recently Kuhn et a1 (1988) investigated the processes of negative-ion formation due to electron collisions with methanol molecules. Their results demonstrate that, in the region of the above mentioned maximum, the registered negative ions are mainly a result of temporary ion resonant states while at higher energies, direct processes seem to prevail.
For energies above 10 eV, the cross section is a monotonically slowly decreasing function of energy, with a slight change of slope around 80 eV, possibly related to a maximum of the ionization cross section occuring around 90 eV (Dun6 et al 1989) . With growing impact energy, the role of ionization effects in the scattering process increases. At around 100 eV the total ionization cross section in CH30H scattering constitutes slightly less than one-quarter of the grand-total cross section and reaches slightly over one-third for the highest applied energy, viz 250 eV.
All results shown in figure 1 exhibit the same energy dependence. The normalized data of Sueoka et al (1985) are lower than ours, throughout the energy range, by 5% for the lower energies and up to 15% beyond SO eV. A similar discrepancy of up to 15% occurs below 3 eV in the case of the Schmieder (1930) results. However, the apparent discrepancies among results from different laboratories are always within the limits of combined experimental uncertainties.
CHjNH,
The absolute grand-total cross section measured for methylamine in the reported experiment as a function of electron impact energy (0.8-250 eV) is presented in figure 2 , along with the only other published total cross section (Schmieder 1930) . Essential discrepancies beetween the two experiments are clearly visible. The Schmieder results for energies below 8 eV are constantly decreasing towards lower energies, while the present cross section has a distinct minimum at around 2.5 eV. There is also a significant systematic difference in magnitude (up to 25%) between the two sets of results.
The cross section measured for methylamine rapidly decreases from 30 x lo-'' m2 at 0.7 eV to nearly 20 x lo-'' m2 at 2 eV, then increases rather slowly to reach a maximum of almost 30 x m2 at 8.5 eV. In the region of the total cross section maximum, Collin et al (1968) , Hubin-Franskin and Collin (1971) , Abuain et al (1984) . and-more recently-Yalcin and Suzer (1992) have all registered negative ions as products of electron scattering on the methylamine molecule. Some of them are produced in resonant processes, via transient negative parent ions formed on electron attachment, while others are due to direct processes. Motte-Tollet et al (1990) have also noticed a very broad enhancement in vibrational excitation functions centred at 7.5 eV and assigned it to scattering processes occuring via shape resonance built on the electronic ground state of the molecule. Another shape resonance of different symmetry is most probably located near 8.5 eV. The relative experiments of Motte-Tollet et al (1990, 1992) suggest that due to a relatively high permanent dipole moment of the methylamine molecule (L(CH,NH, = 1.3 D, Lide 1993-94) , the intensities of resonant and non-resonant vibrational excitation in the region of the TCS maximum are similar to each other, while for higher energies direct processes are definitely dominant. However, IO ascertain the roles of particular processes in the scattering one would also need absolute values of partial cross sections.
For energies above IO eV the total cross section descends monotonically with energy to nearly 9 x mz at 2.50 ev.
CzH,
Absolute total cross sections for electron scattering on the ethane molecule had been measured by Briiche (1930) and Schmieder (1930) , with recent experiments by Floeder eral (1985) and Nishimura and Tawara (1991) . Normalized cross sections were obtained by Sueoka and Mori (1986) and, for very low energies, by Lunt et al (1994) . In the present experiment, data were taken between 0.6 and 250 eV. All the hitherto published absolute results are of the same shape (see figure 3 ) and differ in magnitude only. The largest discrepancies occur for energies close to the maximum (up to 20%), which may be related to relatively high uncertainties of the different experimental techniques employed. The present experimental data distribute between those of Nishimura and Tawara (1991) and those of Floeder et al (1985) .
At the lowest energy of the present experiment, i.e. 0.6 eV, the C2H6 molecule is very hansparent for electrons and the total scattering cross section is a mere 3 x m2. The most recent measurements of Lunt et al (1994) suggest that below 0.5 eV the cross section has a Ramsauer-Townsend minimum, characteristic of non-polar targets with relatively high The ermr bars correspond to overall experimental uncerainties estimted at selected points. polarizability. A minimum just above 0.1 eV is also visible in the momentum-transfer cross section derived from swarm experiments by Cottrell and Walker (1965, 1967) , Duncan and Walker (1974) Mapstone and Newell 1987, Boesten et a1 1990) indicate the presence of an f-wave short-lived shape resonance, centred near 7.5 eV. The share of vibrational excitation processes reaches about 10% of the total cross section between 5 and 10 eV (Boesten et al 1990) . Trepka and Neuert (1963) and Rutkowsky et al (1980) have observed negative ions at this maximum, originating via a dissociative attachment channel. The presence of a broad shape resonance-though shifted near 12 eV-also follows from the theoretical static-exchange studies of Winstead et al (1991) . while continuum multiple scattering investigations of Boesten et al (1990) and complex Kohn calculations of Sun et al (1992) locate the resonance close to 7.5 eV, in good agreement with experimental data.
All the results shown in figure 3 exhibit achange in the slope of the cross section function around 20 eV, similar to that of Xe. The origin of this effect remains to be investigated. For higher energies, the cross section decreases steadily along with energy and at above 100 eV the share of ionization processes in the scattering-the total ionization cross section-is nearly a half of the total cross section (Lampe et a [ 1957 [ , Chatham et ai 1984 .
Final remarks
Absolute total cross sections for electron scattering on 18-electron molecules incorporating the methyl group are summarized in figure 4, The most outstanding feature of these cross section functions is the fact that their overall shape is remarkably similar for all the investigated polar molecules (CH,F, CH30H and CH3NH2) throughout the examined energy range. The long-range interaction due to the targets' permanent dipole moment is especially apparent at the lowest energies, when the cross sections for polar molecules increase sharply, while decreasing for the non-polar C& molecule. The same difference is clearly observable for other families of isoelectronic targets (e.g. Ne, HzO, NH3 and CH4, Szmytkowski 1990 ). The target polarization induced by the incident electron seems to have an appreciable effect on the magnitude of the total cross section at higher impact energies, Both in the vicinity of the maximum (about 8 eV) and for the higher energies, the total cross section of isoelectronic molecules tends to increase with their growing polarizability. Such behaviour contradicts the conclusions of Jain and Baluja (1992) but confirms the trend observed by Szmytkowski (1989) . On the other hand, according to the investigations of Floeder et al (1985) , the total cross section for targets of the same number of molecular electrons should have the same value for any given intermediate energy. 250 eV, the dependence of cross section on polarizability 01 can be expressed as: Q -a", where s 2 0.7 is close to the 0.5 value of the Vogt and Wannier (1954) formula derived for pure polarization interactions. Results for other isoelectronic targets, Ar and HzS, attached in figure 5, also lie near the regresion lines. It should be noted here that certain dependence of the total electron-impact ionization cross section, which is an essential component of the grand-total cross section at intermediate energies, on polarizability has also been observed for hydrocarbons by Nishimura and Tawara (1994) . The noticed correlation between total cross section and target polarizability allows us to estimate roughly the former at any intermediate energy with only one target parameter given.
Between 100 and 250 eV, the cross section versus energy dependence has the form Q -E-0.5 for the investigated molecules. This means that for these energies, the total cross section is proportional to the time spent by the incident electron in the region of target molecule.
